Aggressive behaviour plays an important role in securing resources, defending against predators and shaping social interactions. Although aggression can have positive effects on growth and reproductive success, it is also energetically costly and may increase injury and compromise survival. Individual genetic diversity has been positively associated with aggression, but the cause for such an association is not clear, and it might be related to the ability to recognize kin. To disentangle the relationships between genetic diversity, kinship and aggression, we quantified aggressive behaviour in a wild, self-fertilizing fish (Kryptolebias marmoratus) with naturally variable degrees of genetic diversity, relatedness and familiarity. We found that in contrast to captive fish, levels of aggression among wild K. marmoratus are positively associated with individual homozygosity, but not with relatedness or familiarity. We suggest that the higher aggression shown by homozygous fish could be related to better kin discrimination and may be facilitated by hermaphrodite competition for scarce males, given the fitness advantages provided by outcrossing in terms of parasite resistance. It seems likely that the relationship between aggression and genetic diversity is largely influenced by both the environment and population history.
Introduction
Aggressive behaviour plays an important role in securing food (Bryant & Grant 1995) and mates (CluttonBrock et al. 2006) , in defending against predators (Huntingford 1976) and in establishing social hierarchies (Oswald & Erwin 1976; Dloniak et al. 2006) . Aggression can have a positive effect on growth (H€ ojesj€ o et al. 2002) , reproductive success (Horn 1974; Meagher et al. 2000) and survival (Smith & Blumstein 2008) but is also costly in terms of energy expenditure (Jakobsson et al. 1995; Marler et al. 1995) , injury risk (Grant 1997) or predation (Jakobsson et al. 1995) .
Therefore, individuals may be expected to modulate aggressive behaviour depending on the relative costs/ risks and benefits (R eale et al. 2007) . Individual variation in behaviour, including aggression, is maintained, at least partially, by the existence of behavioural syndromes (suites of correlated behaviours across contexts; Sih et al. 2004) . For example, more aggressive individuals are also more likely to take risks (Brick & Jakobsson 2002; Reaney & Backwell 2007) . But aggression also has an important genetic component (Vrontou et al. 2006; Edwards et al. 2009 ) that has evolutionary implications across taxa, from insects to humans (Zwarts et al. 2011) .
According to kin selection theory, individuals should exhibit reduced aggression towards kin compared to unrelated conspecifics, as they will gain indirect fitness benefits by decreasing their relatives' costs of fighting and/or by contributing to their access to limited resources (Hamilton 1964) . This may explain why animals living in groups often display reduced aggression against their close relatives, a phenomenon seen across multiple taxa, from invertebrates (Pirk et al. 2001; Giron et al. 2004) , fish (Hert 1985; Ols en & J€ arvi 1997) to birds (Pravosudova et al. 2001; Reynolds et al. 2009 ) and mammals (Blumstein et al. 2002; Widdig et al. 2006 ). Yet, exceptions to this rule also abound, and a lack of association between aggression and relatedness has also been documented, both in solitary (Lode 2008) and in social species (T oth et al. 2009 ).
Genetic diversity has been found to be positively associated with aggression in colonial ants (Tsutsui et al. 2000) , primates (Charpentier et al. 2008) , rodents (Boonstra et al. 1994; Eklund 1996) and fish (Tiira et al. 2003 (Tiira et al. , 2006 ; it also seems to be related with risk-taking behaviour (Vilhunen et al. 2008) . However, the underlying mechanisms of this relationship are unclear, and it could possibly be related to the ability of individuals to recognize kin, as kin discrimination plays an important role in inbreeding avoidance and maintenance of genetic diversity (Pusey & Wolf 1996; Penn & Potts 1999; Komdeur et al. 2004) . In some species, kin recognition appears to be innate (Mateo & Johnston 2000; Bull et al. 2001) , whereas in other species, a period of learning is required to recognize siblings (Ols en et al. 2002) . However, individuals can also learn to recognize conspecifics they have previously encountered or interacted with (familiar), despite being unrelated (Komdeur et al. 2004 ). In fact, reduced aggression has been observed between familiar individuals (Utne-Palm & Hart 2000), often irrespective of their relatedness (Stookey & Gonyou 1998; Lode 2008) .
Extreme inbreeding seems to impair the ability of individuals to discriminate between individuals when they are genetically similar or identical (Nevison et al. 2000 (Nevison et al. , 2003 . This may explain why inbred animals display lower aggression among related individuals, while maintaining high aggression levels towards those genetically distinct (Nevison et al. 2003; Tsutsui et al. 2003) . However, a relationship between heterozygosity, aggression and dominance has been observed in captive-bred populations even in the absence of inbreeding (Tiira et al. 2003 (Tiira et al. , 2006 , and it has been suggested that the role of genetic diversity in dominance and aggression can depend on the genetic background and population history (Tiira et al. 2006) . For example, juvenile salmonids show marked differences in behaviour between natural and captive conditions and seem less prone to associate with kin in the wild, where heterogeneous advantage can overweigh the advantages of kin association (Griffiths & Armstrong 2001) . Finding a clear relationship among genetic diversity, inbreeding and aggression is probably hampered by the fact that aggression is a quantitative trait with complex genetic architecture and strong epistatic and pleiotropic effects (Zwarts et al. 2011) .
Kryptolebias marmoratus (the mangrove rivulus) is an ideal species to test the effects of inbreeding and genetic diversity on aggression, as natural populations are composed of highly inbred, self-fertilizing hermaphrodite fish that coexist with a small proportion of males capable of outcrossing with hermaphrodites, thereby increasing genetic diversity (Mackiewicz et al. 2006a) . Highly homozygous hermaphrodites reared in the laboratory tend to exhibit less aggression towards fish of the same selfing strain and prefer to associate with familiar individuals, irrespective of their relatedness (Edenbrow & Croft 2012a) . However, in the wild, outbred offspring have higher genetic diversity and lower parasite loads than selfed inbred fish (Ellison et al. 2011) , suggesting that genetic diversity may confer a fitness advantage and influence aggression levels in ways that may not be detected in laboratory strains. To disentangle the relationships between genetic diversity, kinship and aggression, we analysed the aggression levels of wild K. marmoratus having naturally variable degrees of genetic diversity, relatedness and familiarity. Given the inbred nature of the species, our expectation was that aggression levels would increase with decreasing relatedness and familiarity.
Materials and methods

Experimental animals
Sixty wild Kryptolebias marmoratus were collected on December 2009 from the burrows of land crabs (Cardisoma guanhumi) by using cup traps (Mackiewicz et al. 2006a ) at four sampling locations in Calabash Caye, Turneffe Atoll, Belize (17°16′N, 87°48′W) (Ellison et al. 2011 (Ellison et al. , 2012 . Prior to trials, all fish were individually held for 24-48 h in 200-mL containers and fed newly hatched brine shrimp (Artemia salina) nauplii daily.
Behavioural trials
Twenty-five behavioural trials were carried out at Calabash Field Station using pairs of fish (dyads) ranging in standard length between 15 and 32 mm. Ten control trials were also run with a single fish to ensure that behaviours observed were directed towards the 'opponent' fish and did not simply represent a response to a novel environment. In every trial, the behaviour of each fish was recorded simultaneously by two observers working independently. A subset of five trials was filmed and checked to ensure consensus between observers. Behavioural trials were carried out in an experimental aquarium of 20 9 10 9 15 cm ( Fig. 1) without substrate, filled with 1.6 L of natural brackish water and divided into two equal sections by a perforated transparent partition. The partition allowed fish to detect their 'opponent' both visually and via olfaction. To prevent carry over effects, the tank was drained, cleaned with 70% ethanol, and the water changed between trials. Each side of the experimental tank was marked into three equal zones, and hides were positioned in the zones located furthest from the partition. For each trial, two fish were placed in either side of the aquarium in opaque holding containers and allowed to acclimatize for 5 min. The fish were then released and observed for a total of 10 min, and their positions in the tank recorded every 30 s. The numbers of attacks (head-butting or biting at the partition) or retreats (rapid movement away from the partition) were recorded (Martin 2007; Molloy et al. 2011) . Fish dyads were classified according to their origin and three decreasing levels of expected familiarity (i.e. collected from the same crab burrow, collected at the same sampling site but from different burrows or collected at different sampling sites). Thus, sampling origin was used as a proxy for expected familiarity: fish captured in the same burrow (seven pairs) were expected to be more familiar than those fish from the same site but from different burrows (nine pairs), while fish from different sites (nine pairs) were expected to be the most unfamiliar (Ward et al. 2007 ). Pairs of fish were size matched within AE1 mm standard lengths to control for the effects of size dominance (Molloy et al. 2011) and randomly assigned to either side of the experimental tank to avoid position bias. Fish were used in only one trial. After the experiments, fish were euthanized with an overdose of anaesthetic (according to Home Office Schedule One methods).
Genetic analyses
Total genomic DNA was extracted from muscle tissue using the Wizard â SV 96 DNA Purification Kit (Promega Corp.). DNA was quantified using the NANODROP1000 V.3.7 Spectrophotometer (©2008 Thermo Fisher Scientific). Thirty-two microsatellite loci (Mackiewicz et al. 2006b) were amplified in four different multiplex combinations as described in Ellison et al. (2011) .
Pairwise relatedness values (Lynch & Ritland 1999) were calculated using GENALEX V.6 (Peakall & Smouse 2006) . We estimated observed heterozygosity and standardized heterozygosity as well as homozygosity by loci (HL), a measure that weighs the contribution of each locus to overall heterozygosity depending on its allelic variability (Aparicio et al. 2006) . All measures of heterozygosity were highly correlated (Obs. and Std. Het; r = 1, P < 0.001, Obs. Het and HL; r = À0.997, P < 0.001, Std. Het and HL; r = À0.997, P < 0.001); therefore, only HL was used for subsequent analyses. To test whether our panel of markers was likely to reflect genomewide homozygosity, we employed David's g2 implemented in RMES that measures identity disequilibrium among loci (David et al. 2007 ).
Data analysis
Heterozygosity (HL) was arcsine transformed, and the number of attacks and retreats was square-root-transformed to attain normality and homogeneity of variances. The level of aggression (i.e. number of attacks, retreats and average distance from opponent) was compared between control trials (no opponent) and trials with stimulus fish (with opponent) using t-tests. The relationship between length and heterozygosity was analysed by Pearson correlation, as in male K. marmoratus size and aggression can be associated (Molloy et al. 2011) . For trials with an opponent, to summarize the variation in aggression behaviours measured (i.e. attacks, retreats and distance from opponent), principal component analysis (PCA) was performed. We employed linear mixed modelling using the NLME PACKAGE V. 3.1-105 (Pinheiro et al. 2012) within R 2.15.1 to analyse aggression data (square-root-transformed) in relation to relatedness, familiarity, body length and heterozygosity, with fish ID as a random factor nested within pairs. Continuous variables in the model were normally distributed (Kolmogorov one sample test, heterozygosity P = 0.245; square root (aggression), P = 0.153, relatedness P = 0.690, body length P = 0.394) and the error variances homogeneous with respect to familiarity score (Levene's test P = 0.642). The full model included heterozygosity, body length, familiarity and relatedness as factors plus all two-term interactions, and the minimal adequate model was fitted by maximum likelihood (BIC).
To assess whether the relationship between genetic diversity and aggression was the result of whole-genome or locus-specific heterozygosities, we repeated the linear mixed modelling at each of the 32 individual loci, with fish ID as a random factor nested within pairs.
Results
Consensus between observers was 100% for number of retreats and distance from opponent while consensus for number of attacks was 98.4%. Fish with identical genotypes were not observed. Individual heterozygosity values ranged between 0.210 and 1.000 and relatedness values between pairs varied between À0.239 and 0.209. Identity disequilibrium measured by g2 was significantly higher than zero (g2 = 0.497, SE = 0.105, P = 0.000, based on 1000 iterations), indicating that the set molecular markers used here is informative of underlying inbreeding. No significant correlation was found between heterozygosity and fish length (Pearson's correlation test r = À0.135, P = 0.194).
In control trials with no opponent fish present, fish displayed significantly fewer attacks and retreats from the partition than in trials with an opponent present (attacks: control = 0.50 AE 0.71, opponent = 14.30 AE 11.90, t = À11.16, P < 0.001; retreats: control = 0.20 AE 0.42, opponent = 3.15 AE 3.28, t = À8.92, P < 0.001). Control fish also were on average further away from the tank partition than opponents (control = 4.82 AE 0.89, opponent = 3.82 AE 1.09, t = 3.10, P = 0.007).
The first component of the PCA of all aggression measures explained 89.3% of the variation among individuals. The highest loading on this first component was number of attacks (0.999), higher number of attacks resulting in higher scores. The minimal adequate model fitted by maximum likelihood included only heterozygosity as a significant predictor (t 24 = 2.17, P = 0.04 Figs 2 and 3) and indicated that the more homozygous the fish were, the more aggressive were likely to be ( Table 1) . Analysis of variance components indicated that 99.9% of the variance was due to differences among fish within pairs, and <0.01% was due to variation among pairs. None of the individual comparisons were significant after Bonferroni correction (Supporting information Table S1 ), indicating that it was global heterozygosity, and not individual loci, what was having an effect on aggression.
Discussion
Contrary to our expectations, we found no significant association between relatedness and aggression in wild hermaphrodite K. marmoratus. This is in contrast to previous observations in captive-bred fish, where hermaphrodites K. marmoratus displayed reduced aggression towards kin (Edenbrow & Croft 2012a ). These contrasting results may reflect behavioural differences between wild fish and those bred over several generations in captivity. Captivity can relax natural selective pressures, altering time/energy budgets and consequently behaviour (Huntingford 2004) . For example, captive animals do not need to devote large proportions of time to foraging and can therefore increase energetically costly behaviours such as aggression. In addition, the lack of natural enemies (e. g. predators) can make captive individuals more . We tested our fish within 48 h of capture in all cases and in the same environmental conditions where they naturally live; we are therefore confident that behaviours observed in situ in our study are likely to reflect natural behaviours present in the wild. However, differences in heterozygosity as well as in the proportion of males have been observed among K. marmoratus populations from different geographical origins (e.g. Florida and Belize; Mackiewicz et al. 2006a ) that could affect kin recognition. We cannot therefore rule out that individual differences in stress response after capture might have affected aggression levels (Øverli et al. 2004) . Thus, further tests comparing wildand captive-bred fish from the same origin kept under the same conditions should shed light into the relative roles of captive rearing and geographical origin in modulating aggression on this species. In our study, sampling location was used as a proxy for familiarity between fish dyads. Fish captured in the same crab burrow were assumed to be the most familiar, as they would have had previous direct contact with one another. Fish from the same location were assumed to have an intermediate level of familiarity, would have experienced similar habitat conditions (Ellison et al. 2012 ) and would likely have had previous encounters. Familiarity by local habitat has previously been demonstrated in other fish species (Ward et al. 2007) . Fish from separate sampling locations (more than 560 m apart) were assumed to be unfamiliar, as they were less likely to have encountered one another. Familiarity can help stabilize and maintain dominance hierarchies, thereby reducing costly aggressive behaviours and energetic expenditure contesting for resources (Hojesjo et al. 1998) . Although primarily solitary (Mackiewicz et al. 2006c) , multiple K. marmoratus are commonly found in crab burrow refuges (Taylor 1990 ) and other habitats (Taylor et al. 2008) . Thus, modulation of aggression towards familiar conspecifics may be beneficial during such aggregations on this species. However, here familiarity was not a significant predictor of aggression in wild fish. This could be explained because, in contrast with captive K. marmoratus (Edenbrow & Croft 2012a) , our individuals displayed a wide range of genetic diversity and different degrees of relatedness, representative of the real diversity found in the natural environment, potentially giving the fish a wider range of opportunities for different individual interactions. On the other hand, familiarity can take some time to develop (Griffiths & Magurran 1997) , and as we do not know for how long our fish had been together at the sampling burrows, it is also possible that they had not been together for long enough to develop familiarity.
Probably, the most surprising result of our study is the significant negative association between aggression and heterozygosity. Associations of fitness-related traits (such as aggression) with multilocus heterozygosity based upon neutral microsatellite loci can result from genomewide distributed fitness loci (general effects) or by one or more microsatellite loci closely linked with specific fitness loci (local effects) (Hansson & Westerberg 2002) . Our results suggested a general effect of homozygosity. Although the negative relationship between heterozygosity and aggression was contrary to our expectations based on previous observations on other species (Eklund 1996; Tiira et al. 2003 Tiira et al. , 2006 Charpentier et al. 2008) , homozygosity may increase aggression in species that are naturally highly homozygous. This is likely because the most homozygous individuals should discriminate more easily between similar and dissimilar genotypes (Zeh & Zeh 1997 ; but see Rosset et al. 2007) . For example, the ability of inbred mice to discriminate between individuals seems to be low towards genetically similar individuals but high when they are highly divergent (Nevison et al. 2003) . The Argentine invasive ant also shows an inverse association between aggression and individual microsatellite diversity, and it has been suggested that this may facilitate kin discrimination when genetic variation involved in kin recognition decreases, for example following bottlenecks (Tsutsui et al. 2003) . Such a mechanism might explain both the higher aggression against highly divergent selfing laboratory lines (Edenbrow & Croft 2012a) , and the increasing aggression shown by homozygous individuals found in our study. High levels of intrasexual aggression have been observed in both hermaphrodite (Martin 2007; Luke & Bechler 2010) and male (Martin 2007; Molloy et al. 2011 ) Kryptolebias marmoratus. In contrast, hermaphrodite-male aggression appears to be less frequent (Martin 2007) . Although male aggressiveness in K. marmoratus seems to be uncorrelated with individual genetic diversity (Molloy et al. 2011 ), heterozygosity appears to influence male size with larger males having greater success in intrasexual contests than smaller ones (Molloy et al. 2011) . Levels of aggression in highly homozygous laboratory K. marmoratus display a strong genetic component but do not appear to differ between males and hermaphrodites (Edenbrow & Croft 2012b ). However, compared to captive fish, natural populations display more marked differences in male and hermaphrodite frequencies, as well as higher genetic diversity that, together with stronger selective pressures, might be expected to affect agonistic interactions. Heterozygous fish tend to have lower parasite loads and thus have a potential fitness advantage (Ellison et al. 2011) , suggesting that outcrossing with males could be beneficial and increase competition for mates and aggression rates among hermaphrodites. Fish parasites can modify social interactions (Croft et al. 2011 ) and increase risk-taking behaviour and aggression in their hosts (Arnott et al. 1990; Barber et al. 1995; Levri 1999; Ward et al. 2002 Ward et al. , 2005 Mikheev et al. 2010) by increasing metabolic demands (Ward et al. 2005) or by direct host manipulation (Levri 1999; Mikheev et al. 2010) . Given that more homozygous K. marmoratus also have higher parasite loads, it is possible that parasites could manipulate the fish host and make it more aggressive, an intriguing possibility that deserves investigation. In summary, we found that, in contrast to captivereared fish, levels of aggression in wild K. marmoratus are associated with individual homozygosity, but not with relatedness or familiarity. The higher levels of genetic diversity and relatedness displayed by wild fish could explain the lack of association between aggression relatedness and familiarity observed in natural conditions. Given the fitness advantages provided by outcrossing in terms of parasite resistance, the high levels of aggression shown by homozygous fish could also reflect better discrimination ability, perhaps facilitated by hermaphrodite competition for scarce males, although this hypothesis warrants further study. What seems clear, however, is that the relationship between aggression and genetic diversity is probably dependent on both the environment and population history.
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Parameter estimates of linear mixed modelling of aggression scores (square root transformed) of individual fish nested within dyads as a function of heterozygosity. 
